Laser spectroscopy of the Lamb shift (2S-2P energy difference) in light muonic atoms or ions, in which one negative muon µ − is bound to a nucleus, has been performed. The measurements yield significantly improved values of the root-mean-square charge radii of the nuclei, owing to the large muon mass, which results in a vastly increased muon wave function overlap with the nucleus. The values of the proton and deuteron radii are 10 and 3 times more accurate than the respective CODATA values, but 7 standard deviations smaller. Data on muonic helium-3 and -4 ions is being analyzed and will give new insights. In future, the (magnetic) Zemach radii of the proton and the helium-3 nuclei will be determined from laser spectroscopy of the 1S hyperfine splittings, and the Lamb shifts of muonic Li, Be and B can be used to improve the respective charge radii.
Introduction
When negative muons (µ − ) are brought to rest in matter, they can form a muonic atom or ion by ejecting all of the atom's electrons [1] . Thus, a single muon is bound to a nucleus. The muonic atom/ion will quickly deexcite, mostly ending in the 1S ground state. A few per cent of the muons can reach the metastable 2S state, however. For light atoms, hydrogen to boron, the metastable 2S state can have a lifetime of microseconds to tens of nanoseconds [2] [3] [4] that may make these metastable 2S atoms susceptible to laser spectroscopy [5, 6] .
For an isolated muonic atom/ion, the 2S lifetime is limited by the muon lifetime of 2.2 µs, twophoton decay to the 1S ground state, and nuclear muon capture, which is still small for light muonic ions [7] . In a gaseous environment like H 2 , D 2 , He, etc., collisional effects may shorten the 2S lifetime [8] . Thus, our recent experiments in muonic hydrogen [9, 10] , muonic deuterium [11] and muonic helium ions [12, 13] were performed at gas pressures around 1 hPa, where the 2S lifetimes are on the order of 1 µs [3, 14] . pulsed laser system [15, 16] and record the Lyman-α x-rays [17] [18] [19] from the resulting 2P → 1S deexcitation.
The laser frequency of the 2S-2P transition in light muonic atoms can then be used to determine accurate values of nuclear charge radii or polarizabilities [20] [21] [22] .
Lamb shift measurements and the charge radii

Proton radius from muonic hydrogen
The Lamb shift in muonic hydrogen atoms, µp, was first successfully measured at PSI in 2009. A few unsuccessful searches were performed in the preceding years [23, 24] at the wrong laser wavelengths, because the expected resonance positions were based on a too large proton charge radius. Finally, two transitions were measured [9, 10] . Using the most recent theory from many authors [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] , summarized in Ref. [38] , we were able to deduce a value of the proton rms charge radius r E (p) = 0.84087 (39) fm. This value is 7σ smaller than the 2010-CODATA value [39] , see Fig. 2 . This discrepancy is now known as the "proton radius puzzle" [40, 41] .
It is interesting to note that the muonic hydrogen value is smaller than both the value from spectroscopy of regular hydrogen alone [42] and the widely accepted analyses of elastic electron-proton scattering data [43] [44] [45] [46] [47] . However, several analyses of e-p scattering data have found radii that are in agreement with the muonic hydrogen value [48] [49] [50] [51] [52] [53] .
Deuteron radius from muonic deuterium
Very recently, theory calculations in muonic deuterium [35, [54] [55] [56] [57] , and in particular the difficult deuteron polarizability effects [58] [59] [60] [61] [62] became accurate enough to determine a deuteron charge radius from our measurements in muonic deuterium. Again, we summarized these earlier works [63] . The 2S Lamb shift in muonic deuterium is
Using the calculated contribution from two-photon exchange, also known as the deuteron polarizability contribution ∆E TPE LS (theo) = 1.7096(200) meV (2) we determine the deuteron rms charge radius from a measurement of three 2S-2P transitions in 
3/2 . The colors are the same as in Fig. 1(b) . The horizontal bar indicates the background level (with uncertainty), including data taken without laser. The expected resonance positions calculated using the CODATA value of r E (d) are 100 GHz below the observed positions. In contrast, the proton radius r E (p) from muonic hydrogen, when combined with the electronic isotope shift, yields a prediction of the resonance position "µp + iso" which is within 2.6σ of the observed ones. The muonic proton and deuteron radii are hence compatible. muonic deuterium [11] r
Similar to the proton radius puzzle, this value from muonic deuterium is 7σ smaller than the CODATA-2010 deuteron charge radius, see Fig. 4 . We can also determine a value of the deuteron charge radius r E (d) [µp + iso] = 2.12771 (22) fm from combining the electronic isotope shift of the 1S-2S transition in H and D [64, 65] ,
and the proton charge radius from muonic hydrogen [10] . Using this value in Eq. (1), and the measured Lamb shift in muonic deuterium, we can determine the deuteron polarizability from experiment (68) meV (5) which is three times more accurate than the theoretical value [63] , and thus a benchmark for future high-precision calculations.
[fm] The muonic values are within 2.6σ compatible with each other, when considering the 1S-2S isotope shift in regular hydrogen and deuterium [64, 65] . Values "H spectroscopy" and "D spectroscopy" are uncorrelated, as explained in [42] . The discrepancy between muonic and electronic deuterium is hence a new discrepancy.
Muonic helium ions
In two beam times in 2013 and 2014 we have measured several transition frequencies in muonic helium-3 and -4 ions [12, 13] . An example of a measured resonance is given in Fig. 5 . Again, by comparing the theoretical prediction of many authors [33] [34] [35] [66] [67] [68] [69] [70] [71] [72] [73] , as summarized by us [74] , values of the alpha-particle and helion charge radii can be deduced with an accuracy of about 3×10 −4 . These will be compared with the values from electron scattering [75, 76] and He spectroscopy [77] [78] [79] [80] [81] [82] . 4 He resonance (online data). The alpha particle charge radius extracted from this resonance will be about five times more accurate than the one from elastic electron scattering. The muonic charge radius uncertainty is completely dominated by the accuracy of the nuclear polarizability.
Besides providing important information useful for the resolution of the proton radius puzzle, these radii are interesting parameters to be compared with scattering results [75, 76] , few-nucleon abinitio calculations [83] , and effective nuclear theories [73, [84] [85] [86] . Moreover, the muonic radii open the way to enhanced bound-state QED tests for one-and two-electron systems from measurements in "regular" He and He + ions [12, [77] [78] [79] [80] [81] [82] 87] . They will also be used to disentangle the 4σ discrepancy between several 3 He− 4 He isotopic shifts measurements [77] [78] [79] [80] , and serve as anchor points to provide absolute radii for 6 He and 8 He halo nuclei when combined with the corresponding isotopic shifts measurements [84] .
Hyperfine splitting of muonic hydrogen and helium
Proton Zemach radius [fm] Previously we presented the determination of the rms charge radii from the measurement of 2S-2P Lamb shift transitions in muonic atoms. In a similar way, spectroscopy of the hyperfine splitting (HFS) in muonic and "regular" atoms can be used to deduce precise values of the Zemach radii (of various nuclei). The Zemach radius R Z being defined as an integral of the charge and magnetic form factors (G E , G M )
where κ p is the proton anomalous magnetic moment and Q the momentum exchange, contains information about the magnetization distribution inside the nucleus. In fact, in a non-relativistic approximation R Z can be expressed, by the convolution between nuclear charge and magnetic distributions ρ E (r) and ρ M (r)
A first, rather crude measurement of the hyperfine splitting in muonic hydrogen has been achieved by the CREMA collaboration in 2013 [10] , see Fig. 6 . Here, the difference of two 2S-2P Lamb shift transitions was used to determine the 2S-HFS with an accuracy of ∼ 220 ppm.
As a next step, the CREMA collaboration is aiming at the measurements of the ground-state HFS in µp and (µ 3 He) + with relative accuracy of about 1 ppm. Two other groups, are also planning to measure the 1S-HFS in µp so that, differently to the 2S-2P case, comparison between muonic results will become possible. Having different experimental schemes, these three experiments allow three independent determinations of the Zemach radius. In the following we depict the three methods proposed by the three collaborations to measure the ground-state HFS. The CREMA collaboration experiment is performed at the proton accelerator facility of the Paul Scherrer Institute, Switzerland. A continuous negative muon beam of 10 MeV/c momentum is stopped in a hydrogen (H 2 ) gas target at cryogenic temperatures (50 K, 500 mbar). The µ − stopping in the H 2 gas forms µp atoms in highly excited states (n ∼ 14). After the prompt muonic cascade, the 1S-state is populated with a statistically distributed occupancy of the four sub-levels (triplet and singlet) as visible in Fig. 7 (left) . Shortly afterwards, the higher lying triplet states are collisionally quenched to the singlet state (with a rate of 25/µs at 1 bar and 273 K) [88] ), so that at the laser pulse arrival time the µp atom is basically in the singlet ground-state. At 1.5 µs after the µp formation, the laser system delivers a pulse of 1 mJ energy at 6.7 µm wavelength to drive the hyperfine splitting transition from F = 0 to F = 1. Shortly afterwards (within about 100 ns), the higher lying triplet state is collisionally quenched back to the singlet state. In this process, the HFS transition energy is converted into kinetic energy: the µp atom gain a kinetic energy of about 120 meV. For a sufficiently small target, as shown in Fig. 7 (right) the faster moving µp starting from the laser illuminated region may reach the target walls coated with high-Z material before µ − decay occurs [89] . Subsequent µ − transfer from the µp to a high-Z atom occurs, leading to the formation of a (µZ) * atom followed by its de-excitation producing MeV X-rays. Therefore if the laser frequency is resonant with the HFS transition MeV X-rays will be detected right after the laser pulse has illuminated the muon stop distribution. A resonance curve is attained by plotting the number of the cascade signals (from the MeV X-rays) induced in the surrounding scintillators in a short time window (∼ 300 ns) after the laser excitation versus the laser frequency.
CREMA: Diffusion method
FAMU: Energy dependent muon transfer method
The methodology of the FAMU collaboration [90, 91] differs from the one of the CREMA collaboration mainly in the detection scheme used to expose the laser induced occurrence of the hyperfine transition.
In this experiment which is performed at the RIKEN-RAL muon facility of the Rutherford Laboratory, UK, a pulsed muon beam is stopped in a hydrogen target with 0.045 LHD (liquid hydrogen density). Shortly after its formation the muonic atom ends up in the singlet sub-level of the ground state due to the muonic cascade and the collisional quenching from the triplet to the singlet ground states. A laser pulse is then used to drive the HFS transition, i.e. to excite the muonic atom from the F = 0 to the F = 1 state. The atoms excited by the laser in the triplet state, de-excite back to the F = 0 state through collisions with the H 2 molecules gaining in this process about 120 meV of kinetic energy.
The key difference between the CREMA schema and the FAMU scheme is in the method used to distinguish the two classes of atoms: the one which have been laser excited by the laser light, from the one which thermalize at the hydrogen gas temperature. Instead of using the diffusion method of CREMA, the FAMU collaboration utilizes the energy dependence of the muon transfer from the hydrogen atom to a higher-Z atom which is mixed with a few % concentration in the H 2 gas. The muon transfer rate from the µp to some higher-Z gases (CO 2 , Ar...) has recently been investigated in a beamtime at the RIKEN-RAL facility [92] . Data analysis is ongoing.
The higher-Z muonic atoms which are formed in highly excited states de-excite down to the ground state producing X-rays in the 10 keV-1 MeV energy regime that can be efficiently detected with a scintillator or Germanium system. The resonance curve is therefore obtained by plotting the number of X-rays from the "contaminant" gas versus the laser frequency.
J-PARC: Decay asymmetry method
The J-PARC -RIKEN collaboration is planning to use the electron from the muon decay to expose the occurrence of the laser induced transition [93, 94] . As mentioned before, after its formation the µp atoms end up quickly in the ground state populating both triplet and singlet states. In this experiment the H 2 gas target density is reduced to 0.0001 LHD to minimize the collisional quenching from the triplet into the singlet state. At this density the lifetime of the triplet state is of about 500 ns. The circular polarized laser light which illuminates the target 1 µs after the muonic atom formation is inducing a transition from the singlet to a triplet state. This transition which give rise to a muon spin flip, results in a change of the average muon polarization (which is zero prior to the laser pulse). This change of the muon polarization after the laser transition can be exposed by detecting the electron from muon decay. In fact, due to the parity violation in the muon decay, the electron from muon decay is emitted preferentially anti-parallel to the muon spin. Therefore the change of the muon polarization induced by the laser light results in a change of the electron distribution which can be observed by using electron detectors. A resonance curve can be obtained by plotting the so called asymmetry (difference in counts between two detectors) as a function of the laser frequency. The change of the electron distribution will be visible in this asymmetry plot.
The choice of the low gas density results from a trade-off between muon stopping volume and efficiency, and the collisional quenching rate from the polarized triplet (after the laser excitation) into the singlet (unpolarized). Therefore the time window where the electrons have to be detected is only of about 1 µs given the above-mentioned depolarization rate.
Impact of the HFS measurements
By comparing the measured HFS in µp and (µ 3 He) + with the corresponding theoretical predictions [31, 95, 96 ] the two-photon-exchange TPE contribution with a relative accuracy of 10 −4 can be extracted. From the TPE the polarizability contribution can be extracted if a Zemach radius is assumed from electron scattering [97, 98] or from regular atom spectroscopy [99, 100] . Alternatively the Zemach radii can be extracted if the polarizabilities are assumed from theory. A comparison of these radii and polarizability contributions with theory (Chiral perturbation theory [101] , dispersion relations [102, 103] , lattice calculations [104] , and ab-initio few nucleon theories [85] ) offers the possibility to improve our knowledge of the low energy structure of the of the proton and of one of the simplest nuclei, the helion.
Conclusions
Laser spectroscopy of muonic atoms can be used for the determination of nuclear parameter with high accuracy, to be compared with the values from electron scattering and regular atom spectroscopy. A large activity both, theoretical and experimental, have been triggered by the observed discrepancy, which remains still unsolved. Many new activities are underway, such as spectroscopy in (regular) atomic hydrogen [105] [106] [107] [108] [109] and molecular hydrogen (and its isotopes) [110] [111] [112] , new elastic electron scattering experiments [113] [114] [115] [116] , and muon scattering on the proton [117] .
